Particulate matter directly emitted to the atmosphere from combustion sources contains organic compounds, such as polycyclic aromatic hydrocarbons (PAHs) and nitroPAHs (1) (2) (3) (4) (5) , that are both mutagenic (6) (7) (8) (9) (10) and carcinogenic (11) (12) (13) (14) . These direct emissions from sources mix in the atmosphere and are transported downwind. During transport, atmospheric chemical reactions can act to deplete the directly emitted organic compounds (15, 16) , while new compounds can be added to the aerosol, for example, via production of nitro-PAH and oxy-PAH as OH and NO3 radicals attack vapor-phase PAH (17) (18) (19) (20) (21) (22) (23) (24) . Using bacterial mutagenicity assays (25, 26) , organic particulate matter filtered from ambient air has repeatedly been shown to be mutagenic (27) (28) (29) (30) (29) showed that the aerosol in industrial locations in Japan exhibits greater bacterial mutagenicity than samples taken at residential sites. Other investigators (31, 34 have since shown that the bacterial mutagenicity of the ambient aerosol (per cubic meter of air sampled) differs between urban sites. Several investigators also have found bacterial mutagenicity to vary with season in Scandinavia (33) , in the San Francisco Bay area (34) , in northwest Italy (35) , and in Newark, NJ (36) . In a previous pilot study, we showed that the bacterial mutagenicity of atmospheric fine particulate samples taken in southern California (per unit organic carbon supplied to the bioassay) is about equal in mutagenic activity to an emissionsweighted average of the mutagenic activity of primary organic aerosol samples from the most important local emissions sources (37) . There were indications that the mutagenicity of the ambient aerosol may exceed that of the primary emissions from sources at a few times and locations. However, the small atmospheric sample sizes available during that prior study required that the samples be composited quarterly, which obscured the ability to examine seasonal trends between receptor air monitoring sites, and the fact that samples from only two sites were available eliminated the possibility of examining spatial trends.
In the present paper we report a study of the bacterial mutagenicity of a comprehensive set of urban fine organic aerosol samples taken at five sites in southern California throughout 1993 All quartz fiber filters were baked for at least 6 hr before use at 750°C to lower their carbon blank. Field and laboratory blanks were also taken to ensure minimal contamination of the ambient sampling system. Each filter was loaded the day before sampling and unloaded on the day after sampling. The 102-mm diameter quartz fiber filters were transported to the sampling sites in baked aluminum foil packages and brought back to the laboratory in annealed glass jars with solventwashed Teflon-lined lids. The smaller quartz fiber filters were transported in sealed baked aluminum-foil-lined petri dishes. The Teflon filters were transported in petri dishes sealed with Teflon tape. Upon return to the laboratory, all filters were immediately transferred to a freezer at Caltech maintained at -210C, where they remained until the end of the field experiment. The frozen samples were then transported to the laboratories at MIT where the samples were first stored in a subzero freezer, next extracted, and the extracts subjected to the intended bioassays.
The respirable fine particulate matter samples from the high volume dichotomous virtual impactors were used for both the organic carbon concentration measurements and the bioassays reported here. Each of these quartz fiber filters was cut into wedge-shaped segments which were allocated as follows: one twelfth of each filter was used to determine the organic carbon (OC) and elemental carbon (EC) mass concentration by the thermal evolution and combustion method of Huntzicker and co-workers (43, 44) , segments equal to three-fourths of each filter were used for bioassay and chemical analysis, and one sixth of each filter was placed in storage. Bioassay Figure 1 . Ambient fine particulate OC concentrations over the ocean are very low, averaging only 0.7 pg/m3 for 1993. Fine particle OC concentrations are much higher onshore, ranging from 4.1 pg/m3 near the coast at Long Beach to a high of 6.7 pg/m3 at the farthest inland site at Rubidoux. As shown in Figure 2 , the seasonal variation in ambient fine particle OC concentrations at San Nicolas Island is slight, varying by about 0.5 pg/m3 over the course of the year. In contrast, the fine particle OC concentrations at Long Beach vary substantially from month to month with a maximum in the winter (November-December) and a minimum in the late spring/early summer (May-June). Central Los Angeles also shows a strong seasonal variation in fine particle OC concentration, and like Long Beach, the maximum is during the winter and the minimum is during the summer. Moving inland to the Azusa and Rubidoux sites, the relative seasonal variation in fine particle OC concentrations is different; instead of winter maxima and summer minima, the OC concentrations at Azusa and Rubidoux peak in September-October which coincides with the peak photochemical smog season during 1993.
The seasonal patterns at these four sites agree with previous measurements by Gray et Volume 104, Number 4, April 1996 * Environmental Health Perspectives result is that fine particle OC concentrations increase with downwind distance over the metropolitan area in the summer (Fig.  3a) . During the winter months, mixing depths are lower, resultant wind speeds are slower and the resultant wind direction often is from the land toward the sea. The highest average fine particle OC concentrations during the winter months are observed close to the areas of highest source emission density on the west side of the air basin for this reason (Fig. 3b) . Given the highest OC concentrations in the air basin during the winter and the lowest during the summer, sites on the western side of the air basin display considerable seasonal variation in ambient OC concentrations, as is seen at Long Beach and Los Angeles in Figure 2 . Sites in the eastern area of the air basin are upwind of the city during the stagnant winter months and downwind of the city during the summer; given lower winter concentrations and higher summer concentrations, the sites in the eastern area of the air basin display much less seasonal variation in OC concentrations.
Mutagenicity ofAmbient Samples
Organic extracts from fine particulate matter samples were combined to form bimonthly composites at each of the four urban sites in the Los Angeles area and semiannual composites at the background site on San Nicolas Island, and were tested for mutagenicity in the absence and presence of PMS. Each of the ambient aerosol extracts tested met the statistical criteria (described previously) to be considered mutagenic except for the Azusa September-October Lm composite (with PMS) and the San Nicolas Island summer composite (with PMS). Both of those extracts would likely be mutagenic at higher doses, as they show an increase in response with increasing dose. Dose-response curves were generated for each composite under both assay conditions and are plotted in Figure 4 , showing mutant fraction (mutant colony counts corrected for sample toxicity) versus microgram of EOC supplied to the 100 pl bacterial suspension. As seen by comparing the data at San Nicolas Island to the samples taken at onshore sites in the urban area, the mutagenicity of the aerosol in the city is generally much greater than that upwind of the city. At most sites and times, the -PMS mutagenicity of these samples is greater than the +PMS mutagenicity; the ratio of -PMS mutagenicity to +PMS mutagenicity ranges from 2 to 9 (with one exception, the September-October period at Rubidoux has a higher +PMS than -PMS mutagenicity), with an average value of 3.
The mutagenic potency for each sample tested is defined as the slope of a linear least-squares fit to the dose-response curve (Fig. 4) Figure 5 shows the mutagenic potency for each of the samples in the same format as the OC concentrations were shown. The most obvious point is that nearly all samples have a higher response -PMS than +PMS. We observed this previously for both source and ambient samples in Los Angeles using the same assay procedures (37) . The lower mutagenic potency of the aerosol at the background site is also very noticeable. Pitts et al. (28) March-April composite seems to be more potent than the other composites -PMS, and the September-October composite is less potent than the others +PMS. Rubidoux, the farthest downwind smog receptor site, shows the most interesting seasonal variations. Like Long Beach, which is more or less directly upwind in the summer, the -PMS mutagenic potency at Rubidoux is highest during the colder months and lowest in the summer, but unlike the other sites, the late summer composite which occurs during the peak in the photochemical smog season in While the mutagenic potency data do not reveal seasonal trends that are common to all sites there are significant spatial differences in the annual average mutagenic potency between sites. This can be seen most clearly by looking at the annual mean mutagenic potency values given in Table 2 . In the absence of PMS, mutagenic potency decreases as one moves inland from Long Beach (3.0 ± 0.15 mutant fraction x105/pg EOC) and central Los Angeles (2.5 ± 0.12) to Azusa (2.0 ± 0.10) and Rubidoux (1.1 ± 0.05). In the presence of PMS, the aerosol at central Los Angeles has the highest mutagenic potency (0.95 ± 0.05 mutant fraction x105/pg EOC), followed by Long Beach (0.69 ± 0.04), with Azusa and Rubidoux at a lower level (0.44 ± 0.04 and 0.46 ± 0.03). This variation in mutagenic potency from site to site can be compared with previous studies. Tokiwa et al. (29) found greater mutagenic potency at industrial sites versus residential sites in Japan. Butler et al. (32) 1986-1987, no direct comparison between the present work and the previous Los Angeles basin studies is possible because the previous studies were conducted over a shorter period of time and sampling rotated between different sites at different times; thus, any variation observed between sites in the previous studies could have been caused by shortterm meteorological events. Figure 6 combines the organic aerosol concentration data of Figure 2 with the mutagenic potency (mutagenicity per jig EOC) values given in Figure 5 , and shows mutagenicity in units of mutant fraction (xl05)/m3 of ambient air. The term mutagenic density will be used to describe this measure of mutagenicity per unit air volume sampled. Atmospheric samples taken at both Long Beach and central Los Angeles show a strong seasonal variation in -PMS mutagenic density; the aerosol at both sites has a significantly greater -PMS mutagenic density value in the winter than in the summer months. These seasonal differences in mutagenic density seen at Long Beach and central Los Angeles occur because of the influence of seasonal variations in the OC concentrations. Several previous investigators also have measured higher mutagenic density in the winter months, including Alfheim et al. (33) at various sites in Scandinavia, Flessel et al. (34) manner not unlike local traffic and population density.
The measures of mutagenic potency shown in Table 2 relate to mutagenicity adjusted to comparable quantity of organic aerosol mass, not air volume. The higher relative potency at the more congested and industrialized sites at Long Beach and central Los Angeles is not a function of aerosol mass concentration in the atmosphere but rather is a function of an aerosol chemical composition which causes an increase in mutation frequency per pg of organics supplied to the assay. The lower relative potency at the background site on San Nicolas Island likewise does not represent small aerosol concentrations, but an ambient compound mixture which causes fewer mutants per pg of organic carbon supplied to the assay. This suggests that proximity to direct pollutant emission sources has a significant effect on the potency of the ambient aerosol. Several past studies have suggested that direct emissions are the main contributor to ambient mutagenicity. Pitts (50) showed a positive correlation between ambient mutagenicity and the concentrations of primary pollutants CO and NO, and also showed a negative correlation with secondary photochemically generated pollutants such as ozone and peroxyacetyl nitrate (PAN). Barale September-October peak photochemical smog period, which reflects both an elevated organic aerosol mass concentration and an elevated mutagenicity per pg of organic compounds during that two-month period.
Significant spatial variations in the organic aerosol and mutagenicity data are apparent. Both the organic aerosol concentration and the mutagenicity of the aerosol per microgram of organic carbon was much lower at the background site on San Nicolas Island than within the urban area.
As a result, the bacterial mutagenicity/m3 of air sampled at the background site on San Nicolas Island was more than an order of magnitude less than was observed at the urban locations, demonstrating that the city is indeed a source of mutagenic aerosol emissions. Within the urban area, average organic particulate matter concentrations during 1993 were highest at the most inland site at Rubidoux, but the mutagenicity per microgram of organic carbon in the aerosol was highest at those monitoring sites closest to the major primary air pollution sources at Long Beach and at central Los Angeles. As a result, the highest values for mutagenicity/m3 of air sampled were observed at central Los Angeles both ±PMS. These findings seem to stress the importance of the direct emissions of bacterial mutagens from the major primary sources in the most heavily populated and industrial areas in the western portion of the Los Angeles area. Since mutagenicity per unit aerosol mass is not obviously higher at most sites during the summer photochemical smog season, the results imply that if important mutagen-forming atmospheric reactions occur, they must occur in the cold seasons as well as the warm seasons. Further chemical analysis of subfractions of these ambient samples is planned in order help to identify the specific chemical compounds or groups of compounds present in these samples that produce the mutagenic response quantified here.
